Band 3 is a well characterized ion transporter in mammalian cells. To determine if Zea mays expressed Band 3-related polypeptides, polyclonal antibodies to a 13-amino acid sequence at the carboxyl terminal end of the membrane domain of the mouse Band 3 anion transporter was used in immunoblot studies. This antiserum detected three classes of polypeptides from maize roots. The polypeptides had apparent molecular masses of 43, 46 and 59 kDa and appeared to be integral membrane components associated with various cellular membranes including the plasma membrane. Maize genomic DNA did not contain sequences that cross-hybridized with the mouse cDNA encoding the C-terminal membrane domain of Band 3. However, an oligonucleotide corresponding to a portion of the 13-amino acid sequence used for antibody preparation detected mRNAs from both monocotyledonous and dicotyledonous plants. The maize root and leaf mRNAs that were detected were 1.75, 1.45, and 0.88 kb in size. The levels of the 1.75-and 1.45 kb mRNAs in maize roots did not change dramatically in response to nitrate; however, the 0.88 kb transcript levels increased in response to nitrate. Using the 32 P-labelled Band 3 oligonucleotide, a partial cDNA clone (AB3-2758) encoding a 0.88 kb transcript was isolated. The abundance of the B3-2758 and nitrate reductase transcripts increased markedly in response to nitrate in an amino acid-grown maize cell line and was well correlated with the induction of nitrate transport.
Introduction
The first step in nitrate assimilation in plants is passage of the anion across the cell membrane. Evidence suggests that nitrate transport is mediated by one or more specific proteinaceous carriers embedded in the plasma membrane (McClure et al., 1987; Beevers, 1990, 1994) . The presence of nitrate in the external solution induces the de novo synthesis of protein that facilitates movement of nitrate into the cytoplasm of cells (McClure et al., 1987) . While many agree on this point, controversy remains about the number of nitrate transporter systems, the degree of constitutively expressed nitrate transport, its regulation (Oscarson et al., 1989; Siddiqi et al., 1990; Aslam et al., 1994) , and the interpretation of kinetic data (Breteler and Nissen, 1982; Hole et al., 1990; Aslam et al., 1992) . Clearly, identification of the transporter(s) is required to advance the understanding of nitrate assimilation in plants further.
A wide variety of techniques have assisted in the identification and characterization of several nitrate transporters in prokaryotes, fungi and eukaryotic algae (Sivak et al., 1989; Sumihare et al., 1989; Unkles et al., 1991; Miyagi et al, 1992; Omata et al., 1993; Quesada et al., 1994) . Similar approaches have been less successful in higher plants (Crawford, 1995) . Experiments where intact root tissues are exposed to nitrate in solution and root plasma membrane polypeptides subsequently isolated have shown differences in protein patterns in 2-dimensional electrophoresis with induction of nitrate transport (McClure et al., 1987; Dhugga et al., 1988; Ni and Beevers, 1994) , but positive identification of a protein responsible for the high affinity transport of nitrate across higher plant cell membranes has yet to be documented.
One significant advance in nitrate transport in higher plants has been made by Tsay et al. (1993) who isolated and characterized a T-DNA-tagged Arabidopsis mutant, chll, that was resistant to chlorate. Increases in CHL1 mRNAs occurred in response to nitrate addition to the nutrient medium. The expression of the CHL1 mRNAs in Xenopus oocytes and subsequent patch-clamping experiments revealed membrane potential changes in response to nitrate indicative of nitrate uptake. However, this transporter is now thought to be a general anion transporter with low affinity for nitrate.
Much more is known about the structure, function, and regulation of nitrate reductase (NR) (Crawford et al., 1992; Huber et al., 1994) . Synthesis of this enzyme is primarily induced by nitrate. In addition, NR is regulated at the translational and post-translational levels by carbohydrates, light, and nitrogen status among other factors (Crawford et al., 1992; Huber et al, 1994) . Strong evidence from studies on barley mutants show that nitrate transport and NR are mechanistically separate (Warner and Huffaker, 1989) . However, the synthesis and activities of both proteins are clearly co-ordinated (Filner, 1966; Heimer and Filner, 1970) .
In theory, if de novo synthesis of protein is required for induction of accelerated nitrate uptake, identification of newly synthesized polypeptides should be limited only by detection techniques; in practice, this has proven to be more difficult than anticipated (Dhugga et al, 1988; Ni and Beevers, 1994) . Several possible explanations exist for this difficulty. Root cells may not be uniform in their responses to nitrate or in terms of their uptake capacity. Rufty et al. (1986) demonstrated that when roots attain maximal rates of nitrate transport, immunolocalized NR was found only in the outer periphery of the root. If reduction of nitrate is limited to the epidermal or outer cortical layers, it is possible that the nitrate uptake machinery is also confined to a subset of root cell layers. Therefore, comparisons of protein profiles isolated from the entire root are less likely to show differences between nitrate-treated and control tissue due to dilution effects of nitrate-unresponsive cells.
In addition, it has been more difficult than initially expected to obtain control plant roots that have not been exposed to nitrate. Many seeds contain small but detectable quantities of nitrate in stored reserves and this alters the response to exogenous nitrate during seedling development. In 1-and 2-d-old seedlings, stored seed nitrogenreserves are hydrolysed providing all the nitrogen required for initial growth; this limits the capacity for uptake of exogenous nitrate. However, as seed reserves are depleted, the seedling's ability to induce NR and to enhance nitrate uptake declines. This is due to the nitrogen-deficiency that develops; this limits the availability of free amino acids and impairs the ability of the seedling to synthesize protein (Behl et al, 1988; Tischner et al, 1993) , including synthesis of proteins required for N-uptake and assimilation.
The use of ammonium as an alternative nitrogen source after germination allows for plant growth and development without the addition of exogenous nitrate. However, it has been shown that this does not necessarily represent a nitrate-free growth condition. The presence of ammonium encourages colonization of root surfaces by nitrifying bacteria under typical greenhouse conditions (Padgett and Leonard, 1993) . These nitrifying organisms convert ammonium to nitrate, and significant concentrations of nitrate can be taken up by plants prior to the experimental addition of nitrate. Not only do these factors preclude the identification of newly synthesized proteins, but molecular biological techniques such as subtractive hybridization or differential screening would be hampered as well. Given the limitations of using intact root tissue, alternative approaches to identify RNA transcripts or induced proteins potentially coding for nitrate transporters are needed.
Cell suspension cultures circumvent several of the problems associated with intact roots. Solution-cultured cells are a relatively homogeneous population of nondifferentiated cells grown under aseptic conditions. They exhibit no higher-level anatomical structure to inhibit movement of nitrate to the cell membrane, and they can be successfully grown in the absence of nitrate using amino acids as a nitrogen source (Padgett and Leonard, 1994a) . Tobacco suspensions were used by Zhang and MacKown (1993) to demonstrate the regulation of nitrate uptake kinetics and NR activities by internal cellular nitrate concentrations. Filner and colleagues also used tobacco suspension-cultured cells to investigate nitrate uptake and assimilation (Filner, 1966; Heimer and Filner, 1970; Skokut and Filner, 1980) .
As some of the more common techniques for identifying potential nitrate carriers appear to have technical limitations or have been unsuccessfully tried by our group and others, it was decided to attempt an approach that would take advantage of existing probes to known carriers with possible similarities to a putative nitrate transporter.
One of the few well-characterized eukaryotic anion carriers is the Band 3 protein of mammalian red blood cells. The Band 3 protein functions in the electroneutral exchange of chloride and bicarbonate across the plasma membrane. The protein has a molecular mass of about 95 kDa with two distinct functional domains: a 40 kDa N-terminal cytoplasmic domain involved in cytoskeletal interactions and a 55 kDa C-terminal integral membrane domain important for anion exchange. The complete amino acid sequences for the mouse (Kopito et al., 1987) and human (Tanner et al., 1988) Band 3 proteins have been deduced from their corresponding cDNA sequences. These sequences have been found to contain a high degree of similarity. This region of similarity extends to a 13-amino acid sequence at the C-terminal end of the membrane domain of the protein, for which polyclonal antibodies are available (Kellokumpu et al., 1988) .
In this study, a characterized cDNA clone, pB3D2 (Kopito and Lodish, 1985; Kopito et al., 1987) complementary to the C-terminal conserved region encoding the anion-exchange domain of the murine Band 3 protein and polyclonal antibodies to the same region were used to determine if there were Band 3-like genes and polypeptides in maize roots. The pB3D2 probe did not hybridize with maize genomic DNA but several membraneassociated polypeptides in maize roots were recognized by the Band 3 antibodies. A Band 3 oligonucleotide corresponding to the conserved amino acid sequence at the carboxyl end of the Band 3 polypeptide was synthesized and used to monitor the expression of Band 3-related mRNAs in leaves and roots of two monocot and two dicot species. This Band 3 oligomer was also used to identify a cDNA clone, AB3-2758. Finally, to investigate the temporal induction of the B3-2758 and NR mRNAs in response to nitrate, a maize cell suspension culture system was used in an effort to reduce the problems associated with nitrate uptake studies of intact roots.
Materials and methods

Preparation of membrane fractions
Maize seeds (Zea mays L. WF9xMO17) were germinated in the dark for 4 d on blotter paper saturated with 0.1 raM CaCl 2 following the procedure of Dhugga et al. (1988) . Control roots were excised, placed into 0.1 raM CaCl 2 at 4 °C, and immediately homogenized for plasma membrane isolation. For nitrate treatments, 150 g of primary roots were excised and incubated at 30 °C in a 5 mM nitrate solution (2.5 mM K.NO 3 , 1.25 mM Ca(NO 3 ) 2 , 5 mM MES, pH 6.0) for up to 8 h prior to plasma membrane isolation.
Plasma membrane was isolated by differential centrifugation followed by sucrose gradients for separation of plasma membrane vesicles from the bulk membrane preparation. Primary roots from control and nitrate-treated seedlings were homogenized at 4 °C with a pre-chilled mortar and pestle in 300 ml of the grinding medium (250 mM sucrose, 3 mM EDTA, 2.5 mM DTT, 1 mM PMSF, and 25 mM TR1S-MES (pH 7.7)). The filtered homogenate was cleared twice by centrifugation at 300 xg for lOmin, and these pellets were discarded. This was followed by lOOOxg, 6000xg, and 13 000xg centrifugations for 30 min each, and a final centrifugation at 80 000 x g for Band-3 related mRNAs and proteins 859 60 min (Nagahashi, 1985) . The pellets obtained from each of these centrifugations were resuspended in small volumes of the suspension buffer indicated below for SDS-PAGE and 2-D-PAGE analysis. The final 80 000 x g pellet was sucrose-gradientpurified as described by Dhugga et al. (1988) with slight modifications. After gradient purification, membranes were pelleted again at 80000 xg for 60 min and resuspended in 100-200 /A of suspension buffer (250 mM sucrose, 1 mM DTT, 5/xgmr 1 chymostatin, and 1 mM TRTS-MES (pH 7.2)). Peripheral proteins were removed from the plasma membrane fraction by treatment of the membrane vesicles with 1% Triton X-100 (Dhugga et al., 1988) . Comparative evaluation of sucrose-gradient methods with aqueous polymer 2-phase partitioning methods (Widell, 1987) using membrane preparations for solution cultured cells indicated no apparent difference in membrane protein profiles as determined by SDS-and 2-D-PAGE. The primary benefit of two-phase partitioning is the ability to eliminate chloroplast membranes and the significant increase in the percentage of right-side out vesicles. The major drawback is very low yields (Widell, 1987) . As the sidedness of the vesicles was not important to this work, but the yield was, the choice was made to stay with the older, sucrose-gradient method. Protein concentrations were determined by the method of Peterson (1977) with bovine serum albumin as the standard.
Protein electrophoresis
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed essentially as described by Dhugga et al. (1988) . Samples for electrophoresis were prepared by diluting membrane fractions with SDS sample buffer (0.125 M TRIS-HC1, pH 6.8, 8% SDS, 0.2 M DTT, 10% glycerol, and 0.002% bromophenol blue) to a concentration of 1/xg protein n\~l. This protein mixture was heated at 65 °C for 10 min prior to gel loading. Fifty ^g of protein were loaded per gel lane. Low-and highmolecular weight protein standards were run in parallel lanes.
Gels were electrophoresed at 35 mA at constant current for 3-4 h with circulating water at 10 °C. Following electrophoresis, gels were either stained overnight in a Coomassie Blue staining solution (40% methanol, 7% acetic acid, 0.025% Coomassie Blue R-250), followed by destaining in 40% methanol, 7% acetic acid until the background cleared, or the gels were immediately subjected to electroblot transfer on to a nitrocellulose membrane (Towbin et al., 1979) . Electrotransfer was allowed to proceed overnight at 0.3 A (constant current) with circulating water at 10 °C. Two-dimensional PAGE (2-D-PAGE) was performed according to O'Farrell (1977) with some modifications. Fractions containing 200 tig membrane protein were initially solubilized to 1 ^g ill" 1 in 4% SDS, 2% j9-mercaptoethanol, 20% glycerol, 4mM PMSF, and 100 mM TRIS-HC1 (pH 8.0) for 1 h at room temperature. Insoluble material was removed by centrifugation at 9000 xg for 10 min in a microfuge. Residual SDS was removed by precipitating the proteins with chloroform and methanol following the protocol of Wessel and Flugge (1984) . The vacuum-dried pellets were resuspended in 80 ^\ of urea buffer containing 9 M urea, 4% Nonidet P-40, 2% j3-mercaptoethanol, 2mM PMSF, 2% Ampholytes (1.6% pH range 3-10 and 0.4% pH range 4-6, Iso-Lyte [ICN] ) and incubated for 1 h at room temperature. Samples were loaded at the basic end of focusing gels containing 2% Ampholytes (1.6% pH range 3-10 and 0.4% pH range 4-6) and electrofocused at 20 °C for 10500 V h~' at a constant voltage of 700. At the end of this time, the voltage was raised to 800 V for 1 h. The second dimension was run on the SDS-PAGE system described above. Gels were either fixed and silver stained according to Guilian et al. (1983) or electrotransferred on to nitrocellulose as described above.
Immunoblot analysis
Rabbit antiseram to a synthetic peptide, CGLDEYDEVPMPV, which corresponds to the COOH-terminus of murine Band 3 protein (Kopito and Lodish, 1985; Kellokumpu et al., 1988) was generously provided by R Kopito (Stanford University). Rabbit antisenim to the maize root plasma membrane H + -ATPase (Gallagher, 1985) was used in protein blots as a control for plasma membrane specificity.
Immediately following electrotransfer, nitrocellulose blots of membrane polypeptides were dried in vacuo at 65 °C for 30 min prior to re-wetting in TBS (20 mM TRIS-HC1, pH 7.5; 150 mM NaCl). The blot was either stored for 1-3 d in TBS at 4°C or immediately processed. All subsequent steps were carried out at room temperature with gentle shaking. To block free proteinbinding sites, the blot was transferred to 100 ml fresh TBS containing 0.2% Tween 20 (TTBS) for 45-60 min. The TTBS was replaced with fresh TTBS containing either a 1:2000 dilution of Band 3 antiserum or a 1:10000 dilution of plasma membrane H + -ATPase antiserum and incubated for 2 h. Primary antibody treatment was followed by 3 x 100 ml TTBS washes for 10 min each. The blot was transferred to TTBS containing a 1:3000 dilution of a alkaline phosphataseconjugated secondary antibody (goat anti-rabbit IgG; EIA grade), incubated for 1 h, and washed in TTBS as described. Antibody binding was visualized by assaying alkaline phosphatase according to Warmbrodt et al. (1989) . Blots were developed for approximately 5-10 min and the reaction stopped by washing with water.
Synthesis, purification, and labelling of the Band 3 oligonucleotide
An antisense oligonucleotide corresponding to the Band 3 amino acid sequence DEYDEV was synthesized at the Biotechnology Instrumentation Facility at the University of California, Riverside. The oligomer corresponded to a portion of the Band 3 synthetic peptide used to generate the Band 3 antiserum (Kopito and Lodish, 1985; Kellokumpu et al., 1988) . The oligonucleotide was designed taking advantage of the ability of G residues to pair with C or U residues; the resulting 17-mer was 4-fold degenerate, and its primary sequence was: 5'-AC(T/C)TCGTCGTA(T/C)TCGTC-3'. Prior to use, the oligonucleotide was purified by polyacrylamide/urea gel electrophoresis combined with reverse-phase chromatography through a Sep-Pak C 18 cartridge as described in Sambrook et al. (1989) with slight modifications. The Sep-Pak C i8 column was activated with 5 ml 100% methanol (reagent grade) followed by 10 ml of sterile-filtered water. The oligonucleotide was eluted from the column with 3 ml of 0.05 M triethylamine acetate (pH 7.3): methanol (1:1). The Band 3 oligonucleotide (80 ng) was kinased following the protocol outlined in Sambrook et al. (1989) (Benton and Davis, 1977) were hybridized with the 32 P-labelled Band 3 oligonucleotide probe following the protocol described for RNA blot hybridization. Filters were washed four times at 4 °C for 5 min, and immediately exposed to Kodak XAR 5 film with an intensifying screen at -80 °C for 24-48 h. A total of 7.5 x 10 3 recombinant phage were screened. Ninety-three positive plaques were identified. One of the cDNA clones, designated as AB3-2758, was plaque purified. The AB3-2758 cDNA insert was excised with Eco RI, gel purified and subcloned into pUC118 (Vieira and Messing, 1987) . pB3-2758 plasmid DNA was isolated as described (Clewell and Helinski, 1969) .
Isolation of DNA and blot hybridization
Plant genomic DNA was isolated from maize roots as described by Fischer and Goldberg (1982) . Mouse genomic DNA was provided by R Deans (Baxter Biotech, Immunotherapy Division, Irvine, CA). Restriction endonuclease-digested genomic DNA fragments were resolved by electrophoresis through 1% agarose gels and transferred to a nitrocellulose filter or a Zeta Probe (Biorad) nylon membrane. The mouse Band 3 cDNA clone (pB3D2) was provided by R Kopito, Stanford University (Kopito and Lodish, 1985; Kopito et al., 1987) . The 32 P-labelled pB3D2 probe used in genomic DNA blot hybridizations was labelled by nick-translation (Rigby et al., 1977) to a specific activity of 3 x 10 s cpm ^g" 1 . Blots were hybridized and washed under conditions of moderate stringency (T m -20 °C) (Fischer and Goldberg, 1982) .
The insert from pB3-2758 was gel purified and 32 P-labelled using random oligonucleotide primers and a-[ 32 P]-dCTP following the protocol of Feinberg and Vogelstein (1983) . Probe specific activities of 5 x 10 9 cpm ^g~' were obtained and used at a concentration range of 3-6 xlO 6 cpm ml" 1 . The Zeta Probe membrane was washed under conditions of high stringency (T m -12°C) (Fischer and Goldberg, 1982) . Blots were exposed to Kodak XAR 5 film with an intensifying screen at -80°C for 9-21 h.
Cell culture induction
Zea mays P3377 cell suspension cultures were grown in a modified Murashige and Skoog (MS) medium (1962) containing amino acids as the sole nitrogen source. The cultures were maintained as described earlier (Padgett and Leonard, 1994a) . Four to seven days after subculture, cells were transferred into fresh culture medium containing 1 mM nitrate as a sole nitrogen source under the optimum conditions described by Padgett and Leonard (19946) . Control cells were transferred into fresh MS medium containing amino acids as the sole nitrogen-source. The culture medium samples and cells were harvested 0, 1,2, 4, 8, and 12 h after transfer to fresh MS medium with nitrate or amino acids. A subsample of the cells was frozen in liquid nitrogen and stored at -80 °C for RNA extraction. The remaining cells were assayed for in vitro NR activities as described by Scholl et al. (1974) . Culture medium samples were analysed for nitrate concentration by continuous flow analyser with a standard range of 0-2 mM, and uptake was calculated from solution depletion. Plasma membrane proteins were isolated from Oh and 12 h nitrate-treated cells as described above with the exception that initial homogenization was accomplished by decompression bomb (Parr Instrument Co., Moline IL).
Isolation of RNA and blot hybridization
RNAs were isolated from control and nitrate-treated cell cultures (above) and control and nitrate-treated 4-d-old maize seedlings; seedling treatments are described in the section on membrane protein preparation. RNAs were also isolated from mature roots and leaves of nitrate-grown maize, oat (Avena sativa L. cv. Kanota), soybean (Glycine max L. Merr. cv. Harosoy), and tomato {Lycopersicon esculentum cv. Peto 238R) plants. These plants were grown to maturity in a glasshouse using an aeroponic culture system in basic nutrient solution described by Padgett and Leonard (1993) . Nitrogen was supplied as 14mM NO 3~ and 1 mM NH.J" . Tissue designated for RNA isolation was frozen in liquid nitrogen and stored at -80°C until use.
Total and poly(A + ) RNAs were isolated as described by Pautot et al. (1991) . Poly(A + ) mRNAs (3-5 jug) were size fractionated through 1% formaldehyde gels, blotted and UV cross-linked to Hybond-N filters. RNA markers (0.24-9.5 kb) were electrophoresed in parallel lanes to determine mRNA sizes. mRNA preparations from the maize cell suspension cultures were isolated from total RNA by the PolyA-tract System (Promega, Madison, WI). All gels were stained with ethidium bromide and the amount and integrity of RNAs were photographically recorded; these data ensured that RNA levels per lane were equivalent. Each set of RNA blots was repeated a minimum of twice.
RNA blots of leaf and root mRNAs or mRNAs from cell cultures were prewashed as described by Saito et al. (1989) and prehybridized for 6 h at 65 °C in 6 x NET, 5 x Denhardt's solution, 0.1% SDS, and 100 ^g ml" 1 sheared, denatured herring sperm DNA. Leaf and root RNA blots were hybridized with either the After washing, blots were exposed to Kodak XAR 5 film with an intensifying screen at -80°C. NET, SSC, and Denhardt's solution have been described by Sambrook et al. (1989) .
Blots of RNAs from nitrate-treated and control cell suspension cells were hybridized to a mixture (2-5 x 10 s cpm ml" 1 of each) of the Band 3-related clone, pB3-2758, and a maize leaf NADH:NR cDNA, Zmnrl (Gown and Campbell, 1989) , for 24-36 h. Blots were washed at moderate stringency in 0.2 x SSC at 42 °C for 30 min prior to film exposure with an intensifying screen at -80 °C. The 32 P-labelled probes were synthesized using a RadPrime DNA-Labelling System (BRL, Gaithersburg, MD). The pZmnrl cDNA clone was provided by W Campbell (Michigan Technological University).
Results and discussion
The murine Band 3 cDNA did not detect maize genomic DNA sequences
The partial cDNA clone, pB3D2, encodes the C-terminal membrane domain of the mouse Band 3 anion transporter (Kopito and Lodish, 1985; Kopito et al., 1987) . This Band 3 clone was used to determine if there were similar sequences in maize genomic DNA. Genomic DNA was digested with Bgl II, Xho I, Eco RI, Hind III, and Bam HI. DNA blot hybridization with 32 P-labelled Band 3 cDNA indicated that no significant cross-hybridization was detected under conditions of moderate (T m -20 °C) to low (T m -12°C) stringency (Plate 1, lanes 1-5). As expected, a strong hybridization signal was observed with mouse genomic DNA and the mouse Band 3 cDNA clone (Plate 1). Genomic DNA from tomato and soybean also did not cross-hybridize with the Band 3 cDNA (not shown). The results indicated that plant genomes did not contain sequences that shared strong nucleotide identity with the mouse cDNA coding for the membrane domain of the Band 3 anion transporter. However, this does not exclude the possibility of Band 3-like polypeptides in plants. For example, the DNA sequence for the plant plasma membrane ATPase shows little similarity with that for various animal ATPases even though the proteins have major structural and mechanistic similarities (Ewing et al., 1990) .
Band 3 polyclonal antibodies detected three classes of maize membrane proteins
Polyclonal antibodies to the 13-amino acid sequence of the carboxy terminal membrane domain of mouse Band 3 protein were used to determine if there were Band 3-like polypeptides in membrane preparations from maize roots (Plate 2). This 13-amino acid sequence is highly conserved in the mouse and human Band 3 proteins, and the antibodies to this sequence have been used selectively to identify Band 3-related polypeptides in a variety of nonerythroid animal cells (Kellokumpu et al., 1988; Ostedgard et al., 1991) . Membrane proteins were analysed from control and nitrate-treated 4-d-old seedlings. Plates 2 and 3 display results from 4-d-old etiolated seedlings that were treated with nitrate for 8 h. Cell homogenates were fractionated by differential centrifugation. Pelleted fractions enriched for nuclei, plastids, and cell wall fragments (1000 x g and 6000 x g), mitochondria (13 000 x g) and total membranes (80000 xg) were isolated (Nagahashi, 1985) . Total membranes containing ER, 
59-
46-
43-
31-,
Golgi, and vacuole membranes were sucrose-gradientpurified to isolate plasma membranes (lane 5). Proteins were extracted from each fraction and separated by SDS-PAGE. Proteins were visualized by staining with Coomassie blue (Plate 2A) and immunoblot analysis (Plate 2B, C). The Band 3 antiserum detected a small number of maize membrane polypeptides. Four size classes of Band 3-related polypeptides and a non-specific 31 kDa protein were detected in the membrane fractions from maize roots (Plate 2C). The 31 kDa polypeptide that reacted with the Band 3 antiserum was present solely in the pellets isolated from lowg forces sedimentations. The 31 kDa polypeptide was also detected with polyclonal antibodies prepared to the 100 kDa polypeptide of the plasma membrane ATPase (Plate 2B). Hence, this 31 kDa polypeptide does not specifically react with Band 3 antibodies and may not be antigenically related to the Band 3 anion transporter. The Band 3-related polypeptides had apparent molecular masses of 43, 46, 59, and 60 kDa (Plate 2C). The strongest immunoreactive band was the 60 kDa protein that was only detected in the pellet from the 1000 xg centrifugation (lane 1). Since this protein was not observed in pellets of subsequent centrifugations (lanes 2-4), nor was it detected in the purified plasma membrane preparations (lane 5), it was an unlikely candidate for a membrane bound anion transporter. Unlike the 60 kDa protein, the 43, 46 and 59 kDa polypeptides were detected in the sucrose-gradient-purified plasma membrane preparations (lane 5), as well as in all the fractions isolated by differential centrifugation (lanes 1-4) . There is no reason to assume that the Band 3-related polypeptides would be exclusively associated with the fraction enriched for plasma membranes. However, a broad distribution of Band 3-related polypeptides among the various cell fractions would be expected, even if the Band 3-related polypeptides were primarily associated with the plasma membrane. This conclusion is based on the distribution of the plasma membrane-localized ATPase polypeptides; the 100 kDa ATPase proteins indicated that plasma membrane vesicles were present in all of the cell fractions (Plate 2B). Some plasma membrane would be expected to be present in all centrifugation fractions because during tissue homogenization, the plasma membrane forms vesPlate 2. Maize root membrane polypeptides fractionated by SDS-PAGE. Maize roots were isolated from nitrate-treated 4-d-old maize seedlings. Membrane protein fractions were isolated by differential centrifugation. Membrane proteins were extracted and fractionated by SDS-PAGE. Lanes 1-4 represent 50 ^g of membrane protein from pellets obtained after centrifugation at 1000x#, 1000-6000xg, 6000-13 OOOxg, and 13 000-80 000 x g, respectively. Lane 5 is a sucrosegradient-purified plasma membrane fraction. 
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43, 46 and 59 kDa Band 3-related proteins were integral membrane proteins. To determine the pis and the number of forms of each Band 3-related membrane protein, sucrose-gradientpurified plasma membrane proteins were fractionated by 2-D-PAGE. A complex array of plasma membrane proteins was visualized by silver staining (Plate 3A). An attempt to resolve all the Band 3-related polypeptides by 2-D-PAGE immunoblots was not successful. Only the 59 kDa size class of the Band 3-related polypeptides was detected in 2-D-PAGE immunoblots (Plate 3B). Multiple forms of the 59 kDa polypeptides with distinct pis were noted. At the present time it is not clear if the 59 kDa proteins with pis of 5.7, 6.3 and 6.8 represent posttranslational modifications of a single gene product or if there are multiple genes that encode the distinct 59 kDa forms. The failure to detect the 43 and 46 kDa Band 3-related polypeptides may be due to the technical problems associated with highly hydrophobic membrane proteins in the polyacrylamide gels. DuPont et al. (1988) has shown that hydrophobic proteins do not readily enter electrofocusing gels. In fact, even a major membrane polypeptide like the plasma membrane ATPase was not detected after fractionation by 2-D-PAGE and subsequent silver staining (Plate 3A) or by immunoblot analysis with the ATPase antibodies (not shown). icles of various sizes which are distributed among the various fractions obtained by differential centrifugation.
If the Band 3 antibodies identified proteins involved in the transport of anions through the plasma membrane, the Band 3-related polypeptides should be integral membrane proteins. Extraction of the plasma membrane fraction with 1% Triton X-100 to remove peripheral membrane proteins (Dhugga et al., 1988) did not remove the Band 3-related polypeptides as revealed by SDS-and 2-D-PAGE (not shown). These data suggested that the
Band 3-related mRNAs
Since the Band 3 antibodies selectively bound to three size classes of maize integral membrane polypeptides, an oligonucleotide probe corresponding to a portion of the 13-amino acid sequence used for antibody preparation was synthesized. The Band 3 oligonucleotide probe detected three mRNA species in maize roots grown without nitrate. Their sizes were 1.75, 1.45, and 0.88 kb (Plate 4). To determine if the levels of the three Band 3-related mRNAs was altered in roots in response to exogenous anions, roots were isolated 0, 2, 4, 6, and 8 h after the replacement of CaCl 2 with KNO 3 and Ca(NO 3 ) 2 (Plate 4). Poly(A + ) mRNAs were isolated and RNA blot hybridizations revealed that the 0.88 kb transcript levels increased by 2 h after exogenous nitrate addition and then declined after 6 h of nitrate treatment. No significant changes in the levels of the 1.75 and 1.45 kb mRNAs were detected.
Band 3-related mRNAs were also detected in leaves and roots of mature nitrate-grown maize plants (Plate 5). Similar-sized transcripts were noted in roots and leaves of mature nitrate-grown oat plants (Plate 5). Band 3-related mRNAs were also detected in two dicot species. Under conditions of low stringency, Band 3-related mRNAs were detected in soybean root and leaf poly (A + ) mRNA preparations (Plate 6) and the sizes of these RNAs differed in the two organs. In roots, 1.45 and Plate 5. Band 3-related mRNAs in monocot roots and leaves. Poly(A + ) mRNAs (3/xg) fractionated on l% formaldehyde/agarose gels and blotted to a nylon membrane. Blots were hybridized to a 32 P-labelled Band 3 oligonucleotide probe and washed at high stringency (r m -6°C). mRNAs were isolated from roots of 4-d-old maize seedlings germinated on blotter paper saturated with 0.1 mM CaCl 2 , maize roots and leaves from mature plants grown in a complete nutrient solution, and oat roots and leaves from mature plants grown in a complete nutrient solution. Sizes of the Band 3-related mRNAs detected in roots from 4-d-old maize seedlings are indicated in kb. While hard to detect in photographic reproductions, the 0.88 kb Band 3-related mRNAs were detected in all lanes.
1.65 kb transcripts were noted, while in soybean leaves, transcripts of 1.45 kb and 0.95 kb were detected (Plate 6). Unlike the other plant species examined, the Band 3 oligomer detected a single RNA species in tomato leaf mRNAs; this transcript was 1.65 kb in size and no smaller transcripts were detected (Plate 6).
Isolation and characterization of a cDNA that hybridized to the Band 3-oligonucleotide
To identify cDNAs that contain Band 3-like sequences, the Band 3 oligonucleotide was used to screen a AgtlO cDNA library made from maize root RNAs. One of the cDNA clones isolated (designated as AB3-2758) was characterized further; its cDNA insert was subcloned into Plate 6. Band 3-like mRNAs detected in dicot roots and leaves. Poly(A + ) mRNAs (3^g) were fractionated on l% formaldehyde/ agarose gels and blotted to a nylon membrane. Blots were hybridized to a 32 P-labelled Band 3 oligonucleotide probe and washed at low stringency (7" m -58°C). mRNAs were isolated from roots of 4-d-old maize seedlings germinated on blotter paper saturated with 0.1 mM CaCl 2 , soybean roots and leaves from mature plants grown in a complete nutrient solution, and tomato leaves from mature plants grown in a complete nutrient solution. Sizes of the Band 3-related mRNAs detected in roots from 4-d-old maize seedlings are indicated inkb.
pUCH8. DNA blots with Bam HI-, Hind III-and Eco Rl-digested maize genomic DNAs were hybridized to a 32 P-labelled pB3-2758 probe (Plate 7). The pB3-2758 probe detected a single 4.0 kb Bam HI fragment. In the Hind III-and Eco Rl-digested genomic DNA, four bands hybridized to the B3-2758 probe. These data indicated that the maize genome has one or a small number of B3-2758 genes.
In RNA blot hybridizations, pB3-2758 detected only a 0.88 kb mRNA in maize roots (data not shown) and in solution cultured cells (Plate 8A). The pB3-2758 clone did not hybridize with the larger mRNAs previously
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Plate 7. Genomic DNA blot analysis. Maize genomic DNA (10/ig) was digested with Bam HI; Eco RI; and Hmd III. The DNA blot was hybridized with a 32 P-labelIed pB3-2758 probe. Hind Ill-digested A DNA was used for DNA molecular weight standards and the sizes of the fragments that hybridized with the B3-2758 probe are indicated inkb. Plate 8. Induction of nitrate uptake, NR activity, and NR and B3-2758 mRNAs in maize cell suspension cultures. Ten grams of amino acid-grown cell suspension culture cells were transferred into 150 ml of fresh medium containing I mM nitrate. Culture medium samples and cells were harvested at the time points indicated. (A) Poly(A + ) mRNAs were extracted from cells that were treated with nitrate for 0, 1,2, 4, 8, and 12 h. mRNAs (5 ^g) were fractionated on 1% formaldehyde/agarose gels and blotted to a nylon membrane. Blots were hybridized to both 32 P-labelled pB3-2758 and Zmnrl probes and washed at moderated stringency. (B) The culture medium samples were analysed for nitrate, and uptake was calculated from solution depletion. Cells were homogenized, centrifuged, and the crude extract used assay NR activity in vitro (Scholl et ai, 1974). identified using the Band 3 oligonucleotide probe (data not shown). This clone appeared to be maize specific as it did not cross-hybridize with leaf or root RNAs from any of the other plants (tomato, oat, and soybean) studied (data not shown).
A maize cell suspension culture was used to characterize the expression of the B3-2758 transcript in response to nitrate addition to culture medium. The accumulation of NR mRNAs was also monitored. The NR activity and an acceleration of nitrate uptake rates were induced when cells grown in amino acids were introduced into a nitratecontaining medium (Plate 8B; Padgett and Leonard, 1994a) . Increases in NR activity were detected within 4 h and increased rates of nitrate uptake were noted by 8 h. The B3-2758 and NR transcripts increased in response to nitrate and were well correlated with the temporal induction of nitrate uptake and assimilation (Plate 8A). The B3-2758 transcript was evident in the absence of nitrate (0 h) and increased substantially within 1 h in response to the replacement of the nitrogen source. The B3-2758 transcripts reached peak levels 2 h after the addition of nitrate (Plate 8B) and by 12 h, the B3-2758 transcripts declined below the levels that were initially observed in the absence of exogenous nitrate. The levels of NR mRNAs were also modulated in this cell suspension system. While NR transcripts were not detected in amino acid grown cells, NR transcripts were detected within 1 h after the addition of nitrate. The NR transcript was still detectable after the 12 h, but its levels, like the B3-2758 RNAs, had decreased substantially by this time.
The pB3-2758 partial cDNA clone have been sequenced and these data will be presented elsewhere. This cDNA insert was 612 bp in length, had a single long open reading frame (ORF), and represents over 3/4 of the full-length mRNA. The deduced amino sequence of this ORF had regions of amino acid hydrophobicity, which is expected for a membrane localization for the protein. Search of DNA sequence banks have indicated that analogues of this sequence are present in the rice and Arabidopsis expression sequence-tag libraries; the role of this protein is not yet understood. No significant sequence identity or similarity with known anion transporters was noted.
General discussion
Polyclonal antibodies to a hydrophilic 13-amino acid sequence at the carboxyl terminal end of the membrane domain of the Band 3 anion transporter detected three membrane polypeptides in maize roots. SDS-PAGE immunoblots indicated that the Band 3-related polypeptides were 43, 46 and 59 kDa and were integral membrane components associated with the plasma membrane and possibly with other cellular membranes (Plates 2, 3). Due to inherent problems associated with fractionation of hydrophobic membrane proteins (DuPont et al, 1988) , it was not possible to resolve all of the Band 3-related polypeptides by 2-D-PAGE. Only the Band 3-related polypeptides in the 59 kDa size range were detected in 2-D-PAGE immunoblots; these data indicated that there were several forms of the 59 kDa Band 3-related polypeptides in plant membranes. The observation that the Band 3-related polypeptides ranged in size between 43 to 59 kDa may be significant because the Band 3 domain active in anion transport is 55 kDa. In addition, several proteins involved in ion transport are in this size range (Sumihare et al., 1989; Ostedgard et al., 1991; Unkles et al, 1991; Miyagi et al, 1992; Tsay et al, 1993) .
Maize genomic DNA did not contain sequences that significantly cross-hybridized to the mouse Band 3 cDNA clone pB3D2 (Plate 1). However, a Band 3 oligonucleotide corresponding to the C-terminal 13-amino acid sequence used for antiserum preparation detected three mRNAs in maize roots which were 1.75, 1.45, and 0.88 kb in length (Plate 5). These two larger transcripts were of sufficient length to encode the three polypeptides that were antigenically related to the Band 3 protein.
Transcripts of similar sizes were detected in RNA preparations from oat roots and leaves. Both soybean and tomato RNA preparations had RNA species that hybridized with the Band 3 oligonucleotide probe (Plate 6); however, dicot roots and leaves did not appear to accumulate the same-sized Band 3-related mRNA species.
Root cells have a constitutive nitrate transport capability, but the capacity for nitrate uptake is dramatically increased following addition of nitrate to the uptake medium. If any of the Band 3-related mRNAs in root tissue code for components of a nitrate transport system or are responsive to changes in the nitrate in the environment, the abundance of one or more of these transcripts might be expected to increase following nitrate supplementation or replacement in the growth medium. An increase in the levels of the 0.88 kb Band 3-related mRNAs in maize roots was observed following the addition of nitrate (Plate 4).
The clone AB3-2758, that was identified with the Band 3 oligonucleotide, hybridized with a 0.88 kb transcript in maize roots, but did not detect mRNAs in roots and leaves of nitrate-grown tomato, oat or soybean plants. pB3-2758 specifically hybridized with a small number of fragments in maize genomic DNA (Plate 7) indicating that the B3-2758 gene is likely to be a member of a small gene family. A cell suspension culture system allowed nitrate induction experiments to be conducted that avoided many of the problems associated with experiments in intact roots. The changes in B3-2758 mRNA accumulation in response to nitrate had many similarities with changes in the expression of the well-characterized NR transcripts. The B3-2758 mRNAs were detected in amino acid-grown maize cells, were quantitatively up-regulated in response to nitrate, and levels subsequently declined. The modulation of NR mRNA levels in the cultured cells was similar to other reports (Cheng et al, 1986; Crawford et al, 1992) for a rapid increase in NR transcript levels was followed by a decline. The levels of the B3-2758 transcripts were also well correlated with activity profile for nitrate uptake and nitrate assimilation. The activity of the NR enzyme, once induced, continued to increase for 8 h, then appeared to plateau (Plate 8). Nitrate uptake showed a similar pattern, a lag where the activity was low, followed by an acceleration in apparent transport.
The B3-2758 mRNA could encode a polypeptide between 27 and 28 kDa. This is similar in size to a putative nitrate transporter identified in Heterosigma akashiwo, a marine alga (Miyagi et al., 1992) . However, it should be noted that this is smaller than any of the peptides recognized by the Band 3 antiserum (Plate 2C). The explanation for these is unclear at the present time. While the function of the protein coded by pB3-2758 remains unknown, clearly this message responded quickly to changes in exogenous nitrate in cell culture. It is possible this polypeptide may play a role in nitrate assimilation or anion transport. There are many speculative possibilities as to its function and as to its relationship to other mRNAs and immunoblotted proteins identified by this work. Further characterization and studies are underway. Screening of sequence data banks indicate that there are no nucleotide or amino acid similarities between the B3-2758 partial cDNA and any other characterized enzymes in the nitrate assimilation pathways such as NR, nitrite reductase, glutamine synthase or GOGAT (Gown and Campbell, 1989; Kramer et al., 1989; Redinbaugh and Campbell, 1993) , nor were there similarities between this transcript and those known to have established roles in nitrate transport.
